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We have used Raman scattering to investigate the magnetic excitations and lattice dynamics in the 
prototypical spin-orbit Mott insulators Sr 2 lr 04 and Sr 3 lr 207 . Both compounds exhibit pronounced 
two-magnon Raman scattering features with different energies, lineshapes, and temperature depen¬ 
dencies, which in part reflect the different influence of long-range frustrating exchange interactions. 
Additionally, we find strong Fano asymmetries in the lineshapes of low-energy phonon modes in 
both compounds, which disappear upon cooling below the antiferromagnetic ordering temperatures. 

These unusual phonon anomalies indicate that the spin-orbit coupling in Mott-insulating iridates is 
not sufficiently strong to quench the orbital dynamics in the paramagnetic state. 
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The recent discovery of Mott-insulating states driven 
by the confluence of intra-atomic spin-orbit coupling and 
electronic correlations (“spin-orbit Mott insulators”) has 
triggered a wave of research on novel magnetic ground 
states and excitations. The most widely studied spin- 
orbit Mott insulators are iridium oxides based on Ir^"*' 
ions with electron configuration Sd® and total angular 
momentum jeff= 5- Mott-insulating iridates with jeff- 
pseudospins arranged on geometrically frustrated lat¬ 
tices are promising candidates for spin-liquid states with 
unusual transport properties and fractionalized excita¬ 
tions. [1-5] Iridates with square-lattice geometries, on 
the other hand, have been extensively investigated as 
possible analogues of the cuprate high-temperature su¬ 
perconductors whose low-energy excitations are charac¬ 
terized by the pure spin quantum number S = ^. In¬ 
deed, resonant inelastic x-ray scattering (RIXS) experi¬ 
ments [6] have shown that the magnon excitations of the 
prototypical square-lattice antiferromagnet Sr2lr04 are 
well described by the Heisenberg model, in close analogy 
to those of the isostructural Mott-insulator La2Cu04. 
Very recently, experiments on doped Sr2lr04 have un¬ 
covered tantalizing evidence of a Fermi surface split up 
into disjointed segments (“Fermi arcs”) [7] and a low- 
temperature gap with d-wave symmetry [8, 9], which are 
hallmarks of the doped cuprates. [10] 

This rapidly advancing research frontier has raised 
fundamental questions about the microscopic electronic 
structure of spin-orbit Mott insulators. A particu¬ 
larly important question concerns the orbital degener¬ 
acy, which plays a central role in the phase behavior 
of 3d-electron materials, where the spin-orbit coupling 
is negligible. In the widely studied manganates, for in¬ 
stance, the orbital degeneracy of the manganese ions is 
only partially lifted by crystalline electric fields, and cou¬ 
pling of low-lying orbital excitations to lattice distortions 
leads to the formation of polarons which dominate the 
physical properties of the doped manganates. In Mott- 
insulating cuprates, on the other hand, the •S' = ^ mo¬ 


ments of the orbitally non-degenerate Cu^+ ions do not 
couple significantly to the crystal lattice, so that spin 
fluctuations and their coupling to charge carriers play the 
major role in most theoretical descriptions of the doped 
cuprates. [10] In the Mott-insulating iridates, the orbital 
degeneracy is lifted by the strong spin-orbit coupling, 
and the spatial isotropy of the jeS= 5 ground state of 
the spin-orbit Hamiltonian is believed to be responsible 
for the isotropic Heisenberg exchange interactions in un¬ 
doped Sr2lr04. [2] The spin-pseudospin correspondence 
has also been invoked to explain the analogous physical 
properties of doped iridates and cuprates. [11, 12] How¬ 
ever, the jeS= I excited state in the iridates is found 
at much lower energy than crystal-field excitations in 
the cuprates. [13] Depending on the relative strengths 
of spin-orbit and crystal-field interactions, static or dy¬ 
namic lattice distortions can therefore induce significant 
jeff= I admixtures into the jeS= 5 ground state, pos¬ 
sibly resulting in electron-phonon interactions akin to 
the manganates. Recent experiments on metallic iri¬ 
dates have indeed uncovered evidence of strong electron- 
phonon interactions [14], but their origin and their rela¬ 
tion to the electronic level hierarchy in Mott-insulating 
iridates remain unclear. 

Raman scattering is well suited as a probe of spin- 
orbital-lattice interactions in the iridates, because both 
magnons and phonons can be detected with high reso¬ 
lution and signal intensity. To this end, we have per¬ 
formed Raman scattering experiments on two prototypi¬ 
cal Mott-insulating iridates with square-lattice networks 
of iridium ions, Sr2lr04 and Sr3lr207. Both compounds 
exhibit different Mott gaps [15, 16] and magnetic ground 
states [6, 17-20]. In contrast to previous work, [21, 22] 
we observe well defined two-magnon features in the Ra¬ 
man spectra of both systems. The two-magnon excita¬ 
tions in Sr2lr04 remain visible well above the Neel tem¬ 
perature Tjv, as observed in the insulating cuprates. In 
Sr3lr207, on the other hand, they are rapidly suppressed 
upon heating and are no longer detectable at Tjv, suggest- 
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ing strong damping by another set of excitations. In both 
compounds, we also observe pronounced Fano lineshapes 
of selected phonons for T > T^, reflecting strong cou¬ 
pling to a low-energy excitation continuum. The marked 
self-energy renormalization of these phonons upon cool¬ 
ing below Tn demonstrates that this continuum arises 
from low-energy fluctuations of the jeff-pseudospins. The 
discovery of strong and unusual pseudospin-lattice inter¬ 
actions indicates an unquenched orbital dynamics that 
must be considered in the theoretical description of insu¬ 
lating and metallic iridates and other Sd-electron mate¬ 
rials. 

The Raman scattering experiments were performed us¬ 
ing a JobinYvon LabRam HR800 spectrometer and the 
632.8 nm excitation line of a HeNe laser. Resonance ef¬ 
fects were checked using different wavelengths [23]. Two 
setups were used, low-resolution (600 grooves/mm grat¬ 
ing yielding energy resolution ^ 5 cm“^) and high- 
resolution (1800 grooves/mm ~ 1.5 cm“^). Due to 
the weak intensity of the lowest-energy phonon mode in 
Sr 2 lr 04 the power of the laser was kept at 3.5 mW, for 
all other measurements a power of 1.5 mW was used. 
The diameter of the beam was ~ 10 /rm. All spectra 
were corrected for heating and the Bose factor [23]. The 
samples were placed in a He-flow cryostat, and the mea¬ 
surements were carried out in backscattering geometry 
with the light propagating along the crystalline c-axis, 
while the polarization of the incident and scattered light 
was varied within the a6-plane. Because of rotation of the 
IrOe octrahedra around the c-axis in both Sr 2 lr 04 (space 
group Mi/acd a = bK. 5.5A, c « 26A) [24] and Sr 3 lr 207 
(space group Bbca o « 6 « 5.5A and c « 2lA) [25], a- 
and b-axes are taken along the Ir-Ir next nearest-neighbor 
direction (see inset Fig. 1). For simplicity we neglect 
the small orthorhombic distortion of Sr 3 lr 2 07 and re¬ 
fer to the phonons using the tetragonal notation (D 4 ;, 
point group). In this notation the Raman spectrum in 
the XX-channel probes the Aig + Big symmetry modes 
while the XY-channel probes the i? 2 g symmetry modes. 
Crystals were grown using a flux method [26]. Magne¬ 
tization measurements give Neel temperatures of Tjv = 
240 K for Sr 2 lr 04 and = 285 K for Sr 3 lr 2 07 . To 
obtain a clean surface for the measurements, the crystals 
were cleaved exsitu. 

In Fig. 1 we plot the B 2 g Raman spectra of (a) Sr 2 lr 04 
and (b) Sr 3 lr 207 between 100 and 3000 cm“^ for 10 
K<T<350 K. As the temperature is decreased a sharp 
asymmetric feature appears centered around 1300 cm“^ 
(^ 160 meV) and 1500 cm“^ (^ 185 meV) in Sr 2 lr 04 and 
Sr 3 lr 207 , respectively. For comparison we show as thick 
black lines the Aig + Big high-energy Raman spectra at 
the lowest temperature which do not show this feature, 
confirming the B 2 g nature of the modes. The high energy 
and the B 2 g symmetry of these modes strongly suggests 
that they originate from a two-magnon scattering process 
[6, 19]. 
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FIG. 1. Raman spectra of the B 2 g modes at 10 K<T<350 K 
for (a) Sr 2 lr 04 and (b) Sr 3 lr 207 . A two-magnon scattering 
becomes visible upon cooling. The thick black lines in both 
panels show the high-energy Aig -|- Big Raman modes at the 
lowest temperature. For clarity the low energy phonon struc¬ 
ture has been removed. The dashed vertical lines indicate 
the energy of the two-magnon according to the broken bond 
model (see text) while the red dashed line in (a) represents 
the energy of the two-magnon according to nearest-neighbor 
model. Inset shows the a6-plane of the systems, arrows indi¬ 
cate magnetic order. 


Earlier, Cetin et al. found evidence for two-magnon 
Raman scattering in Sr 2 lr 04 using the XU-channel (un¬ 
polarized scattered light) and a yellow laser (A = 561 nm) 
[21]. Although the energy of this signal was comparable 
to ours, it was much weaker and exhibited very little 
structure, in contrast to our observation. We have con¬ 
firmed that our two-magnon signal can also be observed 
using A = 568 nm, [23] ruling out different laser energies 
as the reason for this difference. Additionally, when us¬ 
ing A = 488 nm, we could not see the broad high-energy 
background reported in Ref. 21. This suggests that the 
difference originates from an off-stoichiometric composi¬ 
tion of the sample used by Cetin et al, as pointed out in 
Ref. 27. 

The high quality of our data allows us to compare the 
energies and lineshapes of the two-magnon peaks with 
theoretical predictions. Since the two-magnon density 
of states is usually dominated by zone-boundary exci¬ 
tations that can be viewed as local spin flips, it is in¬ 
structive to compare the energy of the peaks with sim¬ 
ple broken-bond counting arguments. [28] The magnetic 
interaction parameters for Sr 2 lr 04 have been estimated 
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by fitting the magnon dispersions measured by RIXS 
with a spin-wave model [6] that includes the nearest- 
neighbor exchange coupling (J = 60 meV) as well as 
next-nearest (J'=-20 meV) and third-nearest neighbor 
couplings (J"=15 meV). This places the two-magnon 
peak at 3J — AJ' — AJ" = 200 meV. Since the frus¬ 
trating antiferromagnetic coupling J" is approximately 
compensated by the J' contribution which is of compara¬ 
ble magnitude, this estimate is completely dominated by 
the nearest-neighbor contribution. We note that in a 2D 
Heisenberg S = ^ system with only nearest-neighbor cou¬ 
pling J, quantum fluctuations reduce the energy of the 
two-magnon peak from 3 J to ^ 2.7J [29]. This places the 
two-magnon peak at 162 meV, precisely where the main 
peak is observed in Sr 2 lr 04 . According to recent theo¬ 
retical work, the high-energy tail might then arise from 
amplitude fluctuations of the magnetic order parameter 
[30]. 

The same argument for Sr 3 lr 207 yields an estimate of 
3J - AJ' - AJ” + Jc- AJ 2 C = 221 meV, where J=97.4 
meV, J'=11.9 meV, J"=14.6 meV, Jc=59.5 meV, and 
J 2 c = 6.2 meV [19]. In this case, both the next-nearest- 
neighbor and the third-nearest-neighbor in-plane correla¬ 
tions are frustrating, and their combined contribution to 
the two-magnon energy is much larger than in Sr 2 lr 04 . 
Consequently, the nearest-neighbor model with quantum 
corrections mentioned above yields an energy much larger 
(2.7J ~ 263 meV) than that of the experimentally ob¬ 
served peak (~ 185 meV). Whereas the quantitative as¬ 
sessment of the impact of long-range exchange interac¬ 
tions on magnetic Raman scattering in the iridates re¬ 
mains a challenge for future model calculations, we note 
that our observations are in qualitative agreement with 
recent theoretical work on iron pnictides that demon¬ 
strate a large influence of frustrating exchange interac¬ 
tions on the two-magnon Raman spectrum [31]. 

Figures 3 (c) and (f) show the temperature dependence 
of the energy-integrated intensities of the two-magnon 
peaks in Sr 2 lr 04 and Sr 3 lr 2 07 , respectively, normal¬ 
ized to their value at the highest temperature. In both 
compounds, the two-magnon peaks broaden and weaken 
systematically with increasing temperature, as expected 
from magnon-magnon interactions. In Sr 2 lr 04 , the two- 
magnon peak persists above T^v, reflecting the quasi-two- 
dimensional nature of the spin-spin correlations, as in the 
case of La 2 Cu 04 [32]. In Sr 3 lr 207 , on the other hand, 
the two-magnon peak intensity is reduced much more 
strongly upon heating and vanishes around Tjv = 285 K, 
in good agreement with RIXS measurements [19]. These 
observations indicate an additional damping channel aris¬ 
ing from coupling to a different set of excitations. Poten¬ 
tial candidates include charge excitations across the small 
Mott gap, spin-orbit excitons, [13] and phonons [33], or 
combinations thereof. 

Motivated by these findings, we have carefully in¬ 
vestigated the Raman-active phonons in Sr 2 lr 04 and 


Sr 3 lr 207 , whose lineshapes are sensitive indicators of 
coupling to spin and charge excitations. The Raman 
selection rules in Sr 2 lr 04 have been discussed in Refs. 
21 and 22. Our focus is on the lineshapes and their 
temperature dependence, which are highlighted in Fig. 
2 for two representative phonons: an intense i? 2 g mode 
seen close to 380 cm“^ in both Sr 2 lr 04 and Sr 3 lr 207 , 
and a set of lower-energy Aig modes (one mode at 176 
cm“^ in Sr 2 lr 04 , two at 140 and 170 cm“^ in Sr 3 lr 207 ). 
As shown in Fig. 2(a) and (c), the latter modes dis¬ 
play a pronounced Fano asymmetry at high-temperature 
(T > Tjv) which vanishes for T < T^r. The i? 2 g mode 
of Sr 2 lr 04 ( 2 (b)) displays a more symmetric lineshape at 
high-temperature. (Note that there is some additional 
spectral weight on its high-energy side which is present 
also at low temperature and cannot be fitted properly 
using a Fano lineshape.) In Sr 3 lr 207 , however, it also 
exhibits a slight asymmetry. 
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FIG. 2. Raman spectra of the (a) Aig and (b) B 2 g phonon 
modes of Sr 2 lr 04 taken at high- and low-temperatures. In 
(c) and (d) the equivalent phonons for Sr 3 lr 207 can be seen. 
The solid black lines are a fit to a Fano line shape. Low- 
temperature spectrum have been shifted and scaled in inten¬ 
sity (where indicated) for clarity. 

To quantify the observed changes in Figs. 2 (a),(c), 
and (d) we have fitted the temperature evolution of the 
spectrum with Fano profiles described by the formula: 
I{u}) = /o('? + e)^/(l + e^), where e = (a;-wo)/(F), luq is 
the bare phonon frequency, F is the linewidth, and q is 
the asymmetry parameter [34]. The B 2 g mode in panel 
(b) was fitted with a Lorentzian function. In Fig. 3 we 
plot the resulting frequency shift, wg, and the Fano asym¬ 
metry parameter, q, of each phonon as a function of tem¬ 
perature. When fitting the two Aig modes in Sr 3 lr 207 
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the same values for T and q could be used. Since these 
two modes behave in a very similar manner, we only focus 
on the higher-energy Aig mode. The dashed vertical line 
corresponds to the onset of magnetic order in Sr 2 lr 04 
and Sr 3 lr 207 , Tat = 240 K and Tn = 285 K respectively. 

We first discuss the temperature dependence of the 
phonon frequencies which generally harden upon cool¬ 
ing, as expected from anharmonic phonon-phonon inter¬ 
actions. By fitting the high-temperature (200 K < T) 
phonon frequency shift to standard anharmonic-decay 
model (solid lines in Fig. 3) [35] it becomes clear that 
some of these modes exhibit anomalous temperature de¬ 
pendence. In particular, the B 2 g (Fig. 3(e)) and the 
Aig modes (Fig. 3(d)) in Sr 3 lr 207 harden anomalously 
for T < 200 K while the (a) Aig modes in Sr 2 lr 04 
soften anomalously just below the Neel temperature. 
Magnetic-order-induced phonon frequency anomalies of 
similar magnitude have been observed in other Mott in¬ 
sulators such as LaMn 03 [36, 37] and are usually at¬ 
tributed to the dependence of the superexchange inter¬ 
action on the atomic coordinates, which are dynamically 
modulated in a lattice vibration. 
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FIG. 3 . Temperature dependence of the frequency shift (left 
axis) and Fano asymmetry parameter (right axis) of the (a) 
Aig and (b) B2g Raman modes of Sr2lr04. (c) Temperature 
dependence of the two-magnon scattering intensity in Sr2lr04 
compared to its linewidth. The intensity was integrated over 
a 200 cm“^ window centered at the peak position. In (d-f) 
the equivalent parameters for Sr3lr207 can be seen. 

In contrast, the observation of Fano lineshapes is 
highly unusual for phonons in Mott insulators. The pro¬ 
nounced Fano asymmetry observed for the Aig modes 


above T/v (Fig. 2(a) and (c)) indicates strong coupling 
to a continuum of excitations. The onset of magnetic or¬ 
der quenches this coupling, so that the Fano asymmetry 
parameter g —>• 0 for T < Tat (Fig. 3 (a) and (d)). In 
principle, such a continuum could arise from thermally 
excited charge carriers that are coupled to phonons in 
a manner analogous to correlated-electron metals where 
Fano lineshapes are widely observed in Raman scatter¬ 
ing. Indeed, substantial changes of both the dc and the 
optical conductivity have been reported for T ^ Tat in 
Sr 3 lr 207 , where the Mott gap is comparatively small 
[16, 25]. In Sr 2 lr 04 , however, the Mott gap is much 
larger, [15] and the charge transport properties are virtu¬ 
ally unaffected by the onset of magnetic order. [38] . Since 
the magnetic-order-induced phonon lineshape renormal¬ 
ization is of similar magnitude in both compounds (Fig. 
3(a) and (d)), charge excitations can be ruled out as the 
origin of these anomalies. 

These considerations imply that the electronic contin¬ 
uum in the paramagnetic state is formed by the pseu¬ 
dospin degrees of freedom that order below Tat. The 
large electron-phonon linewidths manifest strong interac¬ 
tions of this continuum with lattice vibrations. This in¬ 
teraction can arise from partial admixture of the jeS= f 
level into the jeS= 5 ground state induced by crystalline 
electric fields, which actuates low-energy shape fluctu¬ 
ations of the valence-electron cloud that couple effec¬ 
tively to phonons. Electronic structure calculations for 
Sr 2 lr 04 indeed indicate substantial mixing of jeS= 5 and 
I states, supporting this scenario. [40] As the pseudospin 
excitations condense into sharp, dispersive magnon and 
spin-orbit exciton modes below Tat, these fluctuations 
are quenched, and the phonon anomalies disappear. The 
strong broadening of the two-magnon peak with increas¬ 
ing temperature (Fig. 3(c)) may then be understood as 
a converse manifestation of this pseudospin-lattice inter¬ 
action. A related example was found in Ca 2 Ru 04 , a 
compound with id valence electrons and consequently 
smaller spin-orbit coupling that undergoes a sequence 
of correlation-driven metal-insulator and antiferromag¬ 
netic phase transitions upon cooling [39]. Fano line- 
shapes of phonons in the temperature range between 
both transitions were attributed to orbital fluctuations. 
In contrast, phonons in orbitally non-degenerate Mott- 
insulating cuprates with S = ^ electrons exhibit nei¬ 
ther Fano lineshapes nor magnetic-order-induced phonon 
anomalies. 

In summary, our Raman scattering study of stoichio¬ 
metric, Mott-insulating Sr 2 lr 04 and Sr 3 lr 2 07 has uncov¬ 
ered evidence of strong pseudospin-lattice interactions, 
which indicate that the spin-orbit coupling is not suffi¬ 
ciently strong to quench the orbital fluctuations in the 
paramagnetic state. The quantitative description of this 
interaction and an assessment of its consequences for the 
electronic properties of doped spin-orbit Mott-insulators 
are interesting challenges for future theoretical work. 














5 


We would like to thank G. Jackeli, G. Khaliullin, F. 
Mila, H. Takagi, S. Weidinger, and W. Zwerger for fruit¬ 
ful discussions. We acknowledge financial support by the 
DFG under grant TRR80. 


[1] Y. Okamoto, M. Nohara, H. Aruga-Katori, and H. Tak¬ 
agi, Phys. Rev. Lett. 99, 137207 (2007). 

[2] G. Jackeli, and G. Khaliullin, Phys. Rev. Lett. 102, 
017205 (2009). 

[3] J. Chaloupka, G. Jackeli, and G. Khaliullin, Phys. Rev. 
Lett. 105, 027204 (2010). 

[4] A. Shitade, H. Katsura, J. Kunes, X.-L. Qi, S.-G. Zhang, 
and N. Nagaosa, Phys. Rev. Lett. 102, 256403 (2009). 

[5] W. Witczak-Krempa, G. Chen, Y. B. Kim, and L. Ba- 
lents, Ann. Rev. of Cond. Matt. Phys., 5, 57 (2014). 

[6] Jungho Kim, D. Casa, M. H. Upton, T. Gog, Young-June 
Kim, J. F. Mitchell, M. van Veenendaal, M. Daghofer, J. 
van den Brink, G. Khaliullin, and B. J. Kim, Phys. Rev. 
Lett. 108, 177003 (2012). 

[7] Y. K. Kim, O. Krupin, J. D. Denlinger, A. Bostwick, E. 
Rotenberg, Q. Zhao, J. F. Mitchell, J. W. Allen, and B. 
J. Kim, Science 345, 187 (2014). 

[8] Y. K. Kim, N. H. Sung, J. D. Denlinger, and B. J. Kim, 
arXiv:1506.06639vl (2015) . 

[9] Y. J. Yan, M. Q. Ren, H. C. Xu, B. P. Xie, R. Tao, H. 
Y. Choi, N. Lee, Y. J. Choi, T. Zhang, and D. L. Feng, 
arXiv:1506.06557vl (2015) . 

[10] B. Keimer, S. A. Kivelson, M. R. Norman, S. Uchida, J. 
Zaanen, Nature 518, 179 (2015). 

[11] F. Wang and T. Senthil, Phys. Rev. Lett. 106, 136402 

( 2011 ). 

[12] Y. Yang, W.-S. Wang, J.-G. Liu, H. Chen, J.-H. Dai, and 
Q.-H. Wang, Phys. Rev. B 89, 094518 (2014). 

[13] Jungho Kim, M. Daghofer, A.H. Said, T. Gog, J. van den 
Brink, G. Khaliullin, B.J. Kim, Nature Comm. 5, 4453 
(2014). 

[14] D. Propper, A. N. Yaresko, T. 1. Larkin, T. N. 
Stanislavchuk, A. A. Sirenko, T. Takayama, A. Mat- 
sumoto, H. Takagi, B. Keimer, and A. V. Boris, Phys. 
Rev. Lett. 112, 087401 (2014). 

[15] S. J. Moon, H. Jin, W. S. Choi, J. S. Lee, S. S. A. Seo, 
J. Yu, G. Cao, T. W. Noh, and Y. S. Lee, Phys. Rev. B 
80, 195110 (2009). 

[16] H. J. Park, C. H. Sohn, D. W. Jeong, G. Cao, K. W. 
Kim, S. J. Moon, H. Jin, D.-Y. Cho, and T. W. Noh, 
Phys. Rev. B 89, 155115 (2014). 

[17] B. J. Kim, H. Ohsumi, T. Komesu, S. Sakai, T. Morita, 
H. Takagi, and T. Arima, Science 323, 1329 (2009). 

[18] J. W. Kim, Y. Choi, J. Kim, J. F. Mitchell, G. Jackeli, 
M. Daghofer, J. van den Brink, G. Khaliullin, and B. J. 


Kim, Phys. Rev. Lett. 109, 037204 (2012). 

[19] Jungho Kim, A. H. Said, D. Casa, M. H. Upton, T. Gog, 

M. Daghofer, G. Jackeli, J. van den Brink, G. Khaliullin, 
and B. J. Kim, Phys. Rev. Lett. 109, 157402 (2012). 

[20] M. Moretti Sala, V. Schnells, S. Boseggia, L. Simonelli, 
A. Al-Zein, J. G. Vale, L. Paolasini, E. C. Hunter, R. S. 
Perry, D. Prabhakaran, A. T. Boothroyd, M. Krisch, G. 
Monaco, H. M. Rnnow, D. F. McMorrow, and F. Mila, 
Phys. Rev. B 92, 024405 (2015). 

[21] M. F. Cetin, P. Lemmens, V. Gnezdilov, D. Wulferd- 
ing, D. Menzel, T. Takayama, K. Ohashi, and H. Takagi, 
Phys. Rev. B 85, 195148 (2012). 

[22] A. Glamazda, W.-J. Lee, K.-Y. Choi, P. Lemmens, H. Y. 
Choi, N. Lee, and Y. J. Choi, Phys. Rev. B 89, 104406 
(2014). 

[23] See Supplemental Material at 

http://link.aps.org/supplemental/ for additional in¬ 
formation. 

[24] Q. Huang, J.L. Soubeyroux, O. Chmaissem, 1.Natali 
Sora, A. Santoro, R.J. Cava, J.J. Krajewski and W.F. 
Peck Jr, Journal of Solid State Chemistry 112, 355 
(1994). 

[25] G. Cao, Y. Xin, C. S. Alexander, J. E. Crow, P. 
Schlottmann, M. K. Crawford, R. L. Harlow, and W. 
Marshall, Phys. Rev. B 66, 214412 (2002). 

[26] N. H. Sung et al. (Paper in preparation). 

[27] J.-A. Yang, Y.-P. Huang, M. Hermele, T. Qi, G. Cao, 
and D. Reznik, Phys. Rev. B 91, 195140 (2015). 

[28] P. A. Fleury and R. Loudon, Phys. Rev. 166, 514 (1968). 

[29] W. H. Weber and G. W. Ford, Phys. Rev. B 40, 6890 
(1989). 

[30] S. A. Weidinger and W. Zwerger, arXiv:1502.01857 
(2015). 

[31] C.-C. Chen, C. J. Jia, A. F. Kemper, R. R. P. Singh, and 
T. P. Devereaux, Phys. Rev. Lett. 106, 067002 (2011). 

[32] B. Miischler, W. Prestel, L. Tassini, R. Hackl, M. Lam- 
bacher, A. Erb, S. Komiya, Y. Ando, D. C. Peets, W. 

N. Hardy, R. Liang, D. A. Bonn, The European Physical 
Journal Special Topics 188, 131 (2010). 

[33] P. Knoll, C. Thomsen, M. Cardona, and P. Murugaraj, 
Phys. Rev. B 42, 4842 (1990). 

[34] U. Fano, Phys. Rev. 124, 1866 (1961). 

[35] P. G. Klemens, Phys. Rev. 148, 845 (1966). 

[36] V. B. Podobedov, A. Weber, D. B. Romero, J. P. Rice, 
and H. D. Drew, Phys. Rev. B 58, 43 (1998). 

[37] E. Granado et ai, Phys. Rev. B 58, 11435 (1998). 

[38] N. S. Kini, A. M. Strydom, H. S. Jeevan, C. Geibel, and 
S. Ramakrishnan, J. Phys.: Condens. Matter 18, 8205 
(2006). 

[39] H. Rho, S. L. Cooper, S. Nakatsuji, H. Fukazawa, and Y. 
Maeno, Phys. Rev. B 71, 245121 (2005). 

[40] H. Watanabe, T. Shirakawa, and S. Yunoki, Phys. Rev. 
Lett. 105, 216410 (2010). 



